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The  fluctuation  of  tho  received  sound,  for  frequencies  of  350*  TOO, 
1200,  and  2^00  ays  was  studlod  tor  transmission  over  flat  6o-fathsn  sand 


and  50 -fathom  aandotono  bottoms.  The  received  sound  fluctuated  error  a 


range  of  30  db.  In  general,  the  snplltude  distribution  mas  neither 


Gaussian  or  Rayleigh.  Ko  significant  correlation  was  found  between  the 


receiving  hydrophones  vhloh  mere  separated  vertically  by  100  or  aore  feat 


The  frequency  mas  spread  due  to  transmission  and  the  relative  power  P is 
related  to  the  half  spectra  width,  | f • f J from  350  cps  te  8k00  eps  by 


'•*.  f-fe 


b - (7.7  1 0.6)  X 10'6  for  the  sand  batten  end  (13.9  ♦ t.7)  X 10*6 


far  the 


bottom.  Ppeslal 


indicated  urn  elgalfleant 


f#  from  that  belcv  t0. 


I 


« . • » t 


of  tte  most  striking  fsatura*  of  tte  lone*: 


•f  oonlo  frsqusnsist  is  tte  fluetuetisn  of  tte 


a steady  single-frequency  tea*  lo  tmnlttad,  tte 


ised  signals. 


load  slgpal 


lasel  will 


onr  a 


as  auch  as  50-db.,  A typical  record  of  re- 


salt's*  sound  which  has  tean  lagsritteleel  1y  amplified  sad  rastlflad  is 

record  oL  rfce.^d-iou- 

reprodueed  la  Figure  1.  ^Tte  fluctuation  characteristics^ were  studied  to 
yield  information  about  (l)  tte  amplitude  distribution  functions,  (2)  tte 
eroas-correlatlcns  between  signals  received  at  different  hydrophones,  and 
(3)  tte  autocorrelations  and  power  speetra  of  tte  signal  antelopes.  Tte 
shallow-water  results  presented  tex^  are  for  an  aleost  Ideal  flat  60-fathee 
sand  bottom  at  ranges  of  10,  13,  20,  and  30  kyd  for  frequencies  of  390* 


logarithmically 


Be*  ) 

jmm 


700,  1200,  and  2,400  c and  for  a ^O- fathom  nondepeeitlonal  alocane  sand 
atone  bottom  at  ranges  of  4,  8,  16,  end  23  kyde  for  frequencies  of  TOO  and 
1200  efts;  end,  at  ranges  of  4 and  16  kyde  for  frequencies  of  1200  and 

Moo*£c?  -^TN 


and  *wm  lfjt.  Only 


leteg 


only  four 


et  a dspth  of  10  Mat,  ose  at  100  fleet,  oms  et  200  Met, 


•t  330,  TOO, 


lfloo,  Mid  4tOO  op*.  Ths  sour**  frequencies  wrt  controlled  bp  protected 


[ 


tuning  fart*.  th*  frequencies  *r*  estteated  to  hava  nalMd  oauetant  to 
•a*  port  In  an*  nllllan  daring  any  given  5.5  Minutes.  Bn  mmwImm  rang* 
whang*  during  5*5  Minute*  1*  **t tented  to  te  In**  then  too  foot  for  th* 
dote  over  th*  *oad*t*a*  bottom  and  1***  than  $0  foot  for  th*  dote  over 
th*  *ond  bottom.  A constant  drift  would  onus*  o moll  frequency  Phong* 
which  would  h*  undetected  by  the  Method  of  analysis.  A fluctuation  of  th* 
drift  could  onus*  o *nan  broadening  of  th*  power  spectra. 

Aboard  the  r* solving  ship  the  received  sound  wo*  filtered  by  30  epa 
bond-pass  filters  and  recorded  both  on  0 7 -channel  Magnetic  tape  recorder, 
and  on  an  I din  6 -channel  raardar.  the  signals  on  the  Xdln  inked  record 
wore  logarithmically  amplified  and  rectified  before  recording.  A espy  of 
one  of  those  records  is  shown  ea  Flg.l.  Bn  nagnatle-tapa  raeerdlngs 
wore  linear  and  unroot  if  led.  T—il  lately  after  each  long  5.5-ainute  signal, 
every  reoelvlag  channel  was  calibrated.  Bathytheneagrophs  (IT's)  ware  obk 
talnad  at  both  ends  and  at  internedlate  points  of  tho  troasadeeioa  paths 
t*  obtain  nor*  aseurate  temperature  and  salinity  vs  depth  d~ta.  these 
date  wore  eertlaod  to  ooflute  tho  sound  epoed  profiles  shown  in  Fig.  C. 
flU*  figure  should  really  be  3-dte*n*l*aal  graph,  th*  coordinates  for  the 
sound  speed  profiles  are  shoua  at  the  extrem  left,  the  profiles  are 
epees d kariseatelly  ssssrdlag  to  their  geographic  location.  B»  range  in 


indlaate  where  hpOO  ft/aaa 


k 


lined  w wten  tte  profiles  vers  spaaed  aeoardlng  to  ttao  actual  distances. 
Bom  profiles  are  dented  to  orold  confusion  Otero  tte  profiles  overlap* 

Thin  typical  not  of  shallow-water  round  spesd  profiles  illustrates  tte 
difficulties  of  ideal  1 tint  tte  oooon.  Figure  8 exhibits  o sis— test  systema- 
tic change  with  range.  Tte  best  sotted  of  deciding  that  single  profile 
could  represent  tte  treasadssien  path  is  not  afferent.  In  feet,  it  noons 
ID— ly  that  a ^-dimensional  picture  would  be  neoessary  for  precise  ccspu- 
tetions  because  of  sound-speed  profile  changed  with  tine  at  a given  loca- 
tion. 

Tte  souad-epeed  profiles  for  tte  50-fathoa  sandstone  area  were  only 
slightly  negative,  lough  seas  and  tine  did  net  permit  tte  obtaining  of 
sufficient  data  to  ante  a figure  similar  to  Figure  8. 

ombuuli  mn 


Sound  Pressure  Hatributlam  Functions 


in  rig.  3.  A truncated  (x  - o)  Oeusslan  (normal)  curve  with  the  sane  area, 
■can,  and  standard  deviation  la  shorn  by  the  dashed  curve  for  comparison. 

It  vill  be  shown  later  that  the  results  yield  distribution  curves  that 
appear  Gaussian  rather  then  Rayleigh,  but  are  in  general  neither.  A logical 
way  te  present  the  data  in  tabular  fora  is  in  terns  of  the  coefficient  of 
variation,  V;  skewness,  a^;  and  kurtosis,  a^-3.  The  population  coefficient 


of  variation  is  defined  as 


v ■ — ——  100  , 

in 


(2) 


where  d' and  m are  the  standard  deviation  and  the  mean  of  the  population. 


The  skewness,  A a^,  a measure  of  the  lack  of  symmetry,  is  defined  as 


- 


3/2 


(3) 


where  nig  and  m^  are  the  second  and  third  ncamnts  about  the  mean.  The 
1 


(4) 


kurtosis,  a^,  a msasura  of  pea badness,  is  defined  as 

% * Vn*  • 

where  is  the  fourth  moment  about  the  mean. 

Tam  naan,  a,  of  course  is  the  first  moment  of  the  distribution  function 
7(x)  about  the  origin  or 


(?tm  l(>  00 

rf(x)d x/J  F(*)d*. 


(5) 


•m  /j» 

of  any  function  F(x)  about  the 


la  simply 


(*•«)*  F(x  )*jj  F(*)te. 


<«) 
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Using  the  Rayleigh  distribution  Iq.  (l)  In  Zqg.  (5)  and  (6)  yields 

l/2  1/2  wo 

■ - v » • 0.88683a1'8, 

5 

■g  ■ (l  - ^_)  s • 0.2l46oa  , 
e - b_  1//2  - 0,46325*1//e, 


▼ - a 100  - 58.87% 

■ 

s_  - e ^ i/a  ( «y  .3)  „ 0.63111  , 


(b-  •r  y'K 
2 

\ * ffci>  " 3>8l*509  • (7f) 

Hots  that  V,  a^  and  s^,  are  independent  of  tbs  value,  a,  and  are  constants 
characteristic  of  all  Rayleigh  distributions.  In  fact,  all  Rayleigh  curves 
can  be  nornallaed  to  a single  curve  by  plotting  .V^fx)  « X-V*,. 

Correspondingly  for  the  Gaussian  distribution,  a^  ■ 0 and  a^  • 3. 

These  art  not  vary  different  fron  the  Rayleigh  distribution.  The  coefficient 
at  variation  for  a Gaussian  distribution  does  not  have  a given  value.  A 
acre  striking  difference  between  those  two  distributions  would  be  Pew-  l) 


, which  is  aero  for  the  nemal  distribution  but  large  for  the 
Rayleigh;  however,  the  pi  present  data  dopfc'not  Justify  this  elaboration. 


The  following  easily  derivable  equations 


used  for  the  computations : 


»s 

■ i-1  kj  , 


■ is  the  total 


* . 


I 


different  frequencies.  Ufa*  fluctuation  of  the  signal  envelopes  can  result 
fras  hath  the  amplitude  and  the  frequency  distributions.  The  signal  envelope 
power  spectra  will  represent  the  frequency  spreading  if  the  amplitudes  for 
each  frequency  are  almost  the  seas. 

Power  spectra  were  obtained?'^  by  choosing  the  interval  between  read- 
ings to  examine  a desired  spectral  width,  and  to  obtain  resolution,  and 
number  of  degrees  of  freedom.  Let  x^,  be  the  pressure  amplitude  of  the  J**1 
value  used.  To  minimi Be  the  effects  of  starting  and  stopping  the  data, 
change  to  a variable  y about  the  mean  where 

yj  " XJ  ’ 

The  unnormalised  autocorrelation  R^(p)  which  measures  the  time  variabili- 
ty In  one  location  is  given  by 


where  p Is  tbi  number  of  lags  (an  Integer)  from  0 to  q.  The  power  spectrum 
U(h)  is  computed  from 

u(h)  " \ *n(0)  * £?  (X  ♦ (11) 

where  h represents  equally  spaced  Integral  frequencies  between  0 and  q. 

The  smoothing  or  "banning"  function' ,3  (l  + cosxp/q)  is  necessary  to  re duos 
the  effect  of  side  lobes  in  the  aaalyels. 

The  following  rnlatieanhip  was  used  to  select  the  rcadlag  interval. 


9 


l 


There  are  at  equally  spaced  frequencies  at  intervals  of 
i 

2qT  (12) 

where  t is  the  tine  in  seconds  between  the  selected  data  points.  The  total 

2 3 

speotrun  width  Is  f - q /,  f . The  degrees  of  freedom,  for  initial  program 

design,  are 

k rn  a - 2 . (13) 

q 3 

After  the  spectra  are  obtained,  the  number  of  degrees  of  freedom,  k*  is 
2 3 

computed  * tram 

k'  - (£  U(h))2  . (14) 

£u*(h) 

Blackman  and  Tukey  utilise  the  Chi-squares  behavior  to  discuss  the  precision. 


Analysis 


RS8ULTS 


read  on  an  automatic  data  reader  at  the  Naval 


Laboratory  at 


California.  This  reader  was  capable  at 


reading  varying  do  voltages  nt  a total 


sooood  whoa  all  of  its  four 


speed  of  1*00  readings  per 


utilised.  The  Burroughs  805  *t 


ML  woe  used  to 


the  frequency  distribution,  cross-correlations,  sad 


power  spectra  Included  la  this 


Distribution  Curves 


dlstrlbutlsn  curves  or  histograms  wore  plotted  and 


wore  Causa Ian.  A few 


to  ho 


•0*  . 


i 


l 

( 


more  IhLylcigh  distributed,  as  shown  in  Tig.  4.  The  statistical  measures  of 
curve  shape  ▼,  a^,  sad  a^-3  are  presented  in  fables  1 and  II  which  utilise 
four  million  data  palate.  The  coefficient  of  variation  V,  soma times  appears 
te  be  near  to  the  Rayleigh  distribution  value  of  52.87  percent  but  Is 
aarbsdly  different  from  this  value  tor  many  of  the  distributions.  It  Is 
almjrs  large  aad  this  Indicates  large  fluctuations  In  amplitude  for  signals 
resolved  at  a point.  The  kurtosis  factor,  expressed  as  departure  froei  e 
normal  distribution  by  a^-3,  could  be  expected  te  be  zero  for  the  Gaussian 
distribution  and  +0.245  for  a Rayleigh  distribution.  Ibis  factor  has  a 
ne^tlve  value  for  a surprisingly  large  number  of  curves. 

Cross-Correlation 

Saa  'time  did  net  peralt  a detailed  study  cxf  the  depends  nos  of  cress- 

correlation  an  either  vertical  or  horizontal  hydrophone  separation.  The 

regular  hydrophone  depths  of  10,  100,  too,  and  345  toot  ware  used.  The  cross - 

ecrrelatlons  ere  given  in  Ihhlee  T aad  ¥1.  Generally  the  eenelntlons  are 

snail  tear  the  hydrophone  separations  used. 

Any  —nil  sresssarrslntlcn  coefficient  can  be  considered  to  be  natheaa- 

k 

tienlly  significant  bananas  shout  10  Independent  te  terminations  are  involved. 

A oerreletdoa  of  0.03  i»  significant  at  the  0.01  level,  lets  that  actually 

30.000  data  points  are  need  per  data  set.  leesver,  although  the  leadings 
«ere  at  every  0.01  seconds,  the  30-eps  filter  bandwidth  seeoths  the  data  aad 
yields  an  ludapsndant  vales  shout  ovary  0.03  second.  This  results  la  shout 

10.000  independent  values  la  the  5 ntnute  ssnpis.  9m  snail  conelatloaa  do  >•' 

have  a physical  asoalag  by  showing  ths  dafialto  lack  of  olgalflooat  eorrsla- 


tloa  between  sound  at  points  with  a vertical  separation  of  100  foot.  The 


high  correlation  shown  In  Table  VI  for  Shoo  cps  sound  at  a range  of  16  kyds 
is  attributed  to  the  probability  that  the  narrow  sound  bean  was  not  centered 
an  the  receiving  hydrophones.  Corresponding  data  for  Tables  II  and  IV  were 
discarded. 

Power  Spectra 

The  power  spectrum  width  of  the  signal  anvslops  could  only  be  guessed 
at  first.  Readings  at  every  0.1  second  were  used  to  get  a spacing  of  Af  - 
0.05  cps  end  a spectrum  width  of  f ■ 5 cps  with  I • 3000.  Equation  (13) 
gives  k • 59*  These  first  results  indicate  that  Boat  of  the  energy  occurs 

I 

at  frequencies  less  than  1 cps,  and  the  resulting  k from  Equation  (l4)  was 
only  about  7-  For  this  reason  another  pass  was  made  with  readings  at  every 
0.5  second  to  get  Af  - 0.01  cps  and  f ■ 1 cps.  This  value  of  T gave  only 
600  readings  in  the  5-nlnute  sample  and  yielded  k - 11  degrees  of  freedom) 
however,  k'  was  about  20.  for  11  degrees  of  freedom,  the  chi -square  analysis 
indicates  that  the  spectral  values  lie  in  a 6.3-db  band  about  the  estimated 
value  90  percent  of  the  time.  Correspondingly  for  20  degrees  of  freedom,  90 
percent  of  the  ebeerved  values  lie  in  a 4.6- db  band. 

Has  power  spectre  of  the  envelopes  an  interpreted  ea  a brnadanlng  of 
the  frequency  by  seme  process  ooeurHng  daring  the  trenenieslan.  It  will  be 
shewn  Inter  that  the  spectra  are  symsetrieal  about  the  tree— itted  frequency 
ami  the  envelope  spectre  are  presented  on  the  figures  as  half-width  if  the 
spectre,  fane  typical  eorrslegrane  aad  resulting  power  spectre  are  presented 
in  fige.  J to  It.  A value  ef  q - 100  wee  Ml  far  all  ealealetleae.  The 
results  amrrs spuing  to  reallege  every  0.1  secern*  which  give  f^  • J epe  are 


f 

f 

•hoim  by  the  bttvjr  lima.  Tbs  results  corresponding  to  readings  srery  0.5 
*lch  yiald  fB  ■ 1 ops  are  shown  by  ths  dotted  linos.  For  Figs.  5 
and  6 the  autocorrelation  coefficient  oarer  mrhsl  sero.  For  Figs.  7 and  8 
the  autocorrelation  coefficient  for  the  0. 5 second  interval  data  creeses 
core  three  tines.  Figs.  9 and  10  were  ehaean  to  show  the  results  for  a reak 
signal  that  is  just  confartably  out  of  tbs  noise.  The  autocorrelation 
oscillates  but  does  not  crocs  sero.  The  autocorrelation  of  Fig.  11  has  ten 
crossings  of  the  sero  for  the  0.5- second  interval  data  and  even  two 


r* 


(sQjLt 

crossings  for  tbe  0.1-second  interval  data.  Consequently  both  spectr^sbow 
a peak  for  this  TOO  ops  sound  near  0.1  ope.  Figure  U show  another  spectrd<7>\ 
for  1800  epe  sound  which  also  exhibits  a significant  peak  near  0.1  epe.  In 


general  the  spectra  did  not  indicate  significant  peaks  and  appeared  similar 
to  Figure  lb  which  is  a typical  example. 


All  of  the  spectra  were  plotted  on  logarithmic  paper.  Tbeae  spectra 
plots  generally  could  be  roughly  fitted  with  a straight  line  for  difference 
frequencies  greater  than  0.1  eps.  Most  of  the  curves  fell  off  with  the 
Inverse  cube  of  the  difference  frequency  similar  to  Figures  6 and  13.  sons 
curves  could  be  better  aejfgse  represented  by  an  inverse  square  dependence 
such  as  Figures  8 and  10  and  a few  by  an  inverse  fourth  power  dependence. 

It  was  found  that  the  spreading  varied  almoet  linearly  with  the  frequency 


transmitted.  For  relative  powers,  P,  less  than  5X10  the  relationship  for 
these  long  tense  half •spectre  width  oaa  be  approximated  by 


P - b f f - f 
o o 


t la  the  transmitted  frequency  in  epe  and  f is  the  frequency  of 


interest  in  epe. 


» data  were  fit1' with  Equation  (15 ) to  determine  the  value  of 
no  significant  dependence  of  hi  on  either  range  or  hjlrnpiusn 


values  at  b exhibited  ecnelderShle  variability  vhlah  could 


a enaller 


values  of  b 


for  the 


value  of  b far  the 


— adetone  batten  Is  k - (13.9  + *.7)  X 10  . 
is  b - (7.7  1 0.8)  X 10*6.  Fbe  overall  avert 


is  b • (10.1  ♦ 1.*)  x 10**. 


13 


Bfuatlon  (l$)  la  not  a perfsct  representation  of  all  the  lata  and  to 
da ac riba  ttaa  oondltions  indiri dually  tfaa  slightly  aaoothad  powr  spectra 


data  ara  sumarlsed  la  Tables  XU  and  IT  where  tha  10-db,  *0-db,  and  30-db 
down  polnta  ara  tabulated  for  tba  analyala  with  fat  ■ 0.0$  epa.  Par  earn 


eaaaa,  tha  30-db  down  point  would  not  ba  determined  bacauaa  of  nolaa.  For 


tfaaaa  eaaaa  tha  nolaa  level  in  db  la  tabulated  in  plaea  of  tha  apaotra 
width  at  tha  30-db  down  point. 

BEAT  FREQUENCY  SPECTRA 

Sam  data  wara  obtained  for  tha  purpose  of  cheeking  the  aymnetry  of  the 
power  apectra.  An  analyala  of  the  received  rlgnal  envelope  of  courae  ylelda 
spectra  which  are  symmetrical  about  zero.  It  la  poaaible  that  the  spectra 
night  not  be  ayvnetrlcal  about  fQ.  Bern  special  measurements  were  wade  over 
both  bottom  to  obtain  the  frequency  distribution  in  a different  manner.  The 
received  signal  was  mixed  after  reception  with  a slightly  displaced  frequency 
recorded.  The  analysis  of  the  beat-frequency  envelopes  gives  the 
spectra  cantered  on  fd-fQ  of  the  received  signals.  Any  aaaymeetry  will  be 
shown  by  these  beat-frequency  spectra.  The  analysis  was  parformad  on  tha 
envelops  of  the  beat-frequency  signal  with  tha  equations  of  the  preceding 


section. 


Baa  ra cults  for  two  auoeesalve  $ -minute  TOO  eps  terns  are 


la  Fig. 


15  • Baa  solid  curve  gives  tha  results  of  tha  regular  analyala  of  tha  signal 
eavnlapo.  Baa  dashed  and  dotted  ourves  give  the  result  of  analysis  ef 
tha  received  signal  aimed  with  a 701.1$  eye  signal  and  are  displaced  1.1$ 
spa  far  plotting.  Baa  dotted  curve  la  tha  alrror  imps  of  tha 


\1 

/ 

ayaatm  hoi m TOO  ape.  It  atopa,  of  ooutm,  «t  • fwyty  nwraafnaillaa 
t*  im  la  tha  angular  analyala.  A nnaparlaon  of  tha  daafcad  Mi  iottoA 
analyala  eurvoa  ladlaataa  ao  algHfloat  aaa^Mtry.  ftm 
raaalta  of  tha  al^al  onvalapa  analyala  of  a yraaaadlag  algnal  a graaa  fairly 
® 4b.  Ao  daparturaa  far  fraguanalaa  grantor  ttan  1 apa  la  dua 
to  tba  fact  that  fraguaaey  f#  wan  only  1.15  eya  fron  tQ. 
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XLLOMMCMi 

Figure  1 Reproduction  of  typical  infeed  recordings  obtained  with  a logarith- 
mic amplifier  after  rectification  of  the  signal,  these  records 
were  obtained  far  monitoring  purposes  at  the  seme  tine  the  nagnetic 
tape  was  being  recorded. 

Figure  2 Sound-speed  we  depth  profiles  for  the  60-fsthaa  send  bottom  area. 

Figure  3 Rayleigh  curve  compared  with  a Gaussian  curve.  Both  have  unit 

area,  the  seme  mean,  and  the  same  standard  deviation. 

Figure  k Plot  showing  a good  fit  to  a Rayleigh  distribution. 

Figure  5 Autocorrelation  function  which  does  not  reach  aero  for  1100  epe 
sound. 

Figure  6 Relative  pcemr  vs  half-spectns  width  cosseted  from  the  auto- 
eorslatlon  function  shown  on  Fig.  5- 

Figure  T Autocorrelation  function  which  j recces  aero  far  500  msec  reeding 
Intervals  far  1100  epe  sound. 


Figure  6 Relative  poswr  vs  half -spec  tna  width  from  the  autocorrelation 
fmsetlcn  shows  am  Fig.  J. 

Figure  9 Autocorrelation  fuaotien  which  oscillates  but  Has  shove  aero. 

Ihls  is  for  350  epe  sound  at  JO  kyds  and  the  slpaal  is  eoaetlaes 
nolee  lied  ted. 

Figure  10  Relative  powsr  vs  hmlf-speetma  Width  from  autoearrelmtion  funetian 
shown  an  Fig.  9*  As  width  Is  limited  by  the  melee. 
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mflHMXXOB  (Continued) 

Figure  1C  Relative  powr  n half -speetn*  width  frosi  auto-correlation 

function  shewn  on  figure  1$.  A significant  push  near  0.1  eye 
is  apparent.  The  received  signal  was  wall  above  the  noise. 

Figure  13  Heletlve  powr  vs  half  epootna  width  which  falls  off  appreaci- 
nataly  inversely  as  the  fourth  power  of  the  half •epeotna  width 
over  a range  of  $0  db. 

Figure  lb  Relative  power  vs  half-spaetrua  width  which  fells  off  inversely 
as  the  cube  of  the  half-speetna*  width  over  a range  of  50  db. 

Figure  15  Relative  power  vs  half- spectrins  width  for  the  beat-frequency 
analysis. 

As  syne  try  in  the  spoetnss  would  be  exhibited  by  a diffsroooe 
between  the  dashed  and  dotted  eureos.  The  regular  envelope 
analysis  on  a preceding  signal  is  shown  by  the  solid  Una  far 
eonpariaaa. 
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